A series of experimental studies and mathematical simulations of the electric field influence on the thermal decomposition of mixtures of wheat straw with wood and peat pellets and on the development of volatile combustion downstream the swirling flame flow was carried out. The main aim of these studies is to provide more efficient use of straw for cleaner and more efficient energy production by improving the gasification/combustion characteristics of the mixture and the composition of emission. The electric field influence on the combustion dynamics was studied experimentally using a pilot device, which combines a biomass gasifier and a combustor. An electric field was applied to the flame base using an axially inserted electrode. The electric field effect on the main gasification/combustion characteristics of a biomass mixture was estimated through complex measurements of the field-induced variations of the flow velocity, flame temperature, composition and heat output by varying the positive bias voltage of the axially inserted electrode. The mathematical model of the combustion process considers the electric field influence on the combustion characteristics using the approach of single chemical reaction. Simulations were performed for the opposite field configuration, when the negative bias voltage was applied to the axially inserted electrode by varying its length.
Introduction
The use of the electric field (EF) to control the combustion characteristics for different types of hydrocarbon fuels (gaseous, liquid, solid) is considered as an effective tool to provide the local variations of flow dynamics, flame shape, structure, composition, temperature, heat output and composition of emissions, as well to improve the flame [1] [2] [3] . The results of the experimental study and theoretical analysis suggest that the main mechanism, which leads to the variation of the combustion dynamics can be related to the ion wind effect, when the electric field-induced body force initiates the acceleration of the flame ions ( ) in the field direction with subsequent momentum transfer to neutral flame species [1] . A detailed analysis of the processes developing in the industrial heat production devices when the electric field is applied to the flame reaction zone [4] demonstrates the usefulness of electrodynamic process control. In particular, the electric field allows controlling mixing of the flame species and provides homogenization of the flame reaction zone by improving the combustion conditions and by enhancing the heat transfer to the boiler heat surfaces. Similar improvement of the combustion characteristics was observed when the EF was used to control the main characteristics of district heating boilers [5] . The field-enhanced mixing of the flame components and the field-enhanced processes of heat/mass transfer to the boiler heat surfaces resulted in an increase of the heat energy production with a correlating increase of the boiler efficiency and in a decrease of the fuel consumption per unit of the produced heat energy and of the content of polluting NO x emission in the products. Moreover, the electric field application to control the processes developing at biomass thermo-chemical conversion has shown [4; 5] that the electric field induced processes of heat and mass transfer can be used to control biomass thermal decomposition with improvement of the combustion characteristics. Assuming that the electric field can be applied to improve the biomass gasification/combustion characteristics, the present study is focused on more detailed experimental investigation and mathematical modelling of the electric field influence on the gasification/combustion characteristics of biomass mixtures (wheat straw, wood and peat pellets) with the aim to provide control of their thermo-chemical conversion and to ensure a more efficient use of the electric field control for cleaner heat energy production.
Experimental studies
The action of a DC electric field on the processes developing at thermo-chemical conversion of a wheat straw mixture with wood and peat pellets was experimentally studied using a batch-size pilotscale setup, which includes a biomass gasifier and a water-cooled combustor [5] with the inner DOI: 10.22616/ERDev2017.16.N012 diameter 60 mm and 650 mm of the total height. The gasifier is separated from the combustor by the inlet conical nozzle of the inner diameter 40 mm. The initial weight of the biomass mixture, which was supplied to the gasifier, was 240 g.
The primary air at the average rate 20 l·min -1 was supplied to sustain the thermal decomposition of the biomass mixture. The secondary swirling air supplied at the average rate 30 l/min sustained the combustion of volatiles downstream the weakly swirled (S = 0.3-0.4) flame flow. The propane flame flow initiated the endothermic processes of biomass thermal decomposition, ignition and combustion of volatiles. The diagnostic sections with openings for the diagnostic tools (Pitot tube, thermocouples and gas sampling probes) provided the local measurements of flow velocity, flame temperature and composition. The local temperature of the flame reaction zone was measured by thermocouples (PtPt/Rh) and monitored using a Pico logger. The flame velocity profiles were measured with the help of a Pitot tube and a Testo 435 flowmeter. The local concentration of O 2 , CO 2 , H 2 , CO, NO x and the combustion efficiency were measured by a gas sampling probe and by an analyzer Testo 350. Calorimetric measurements of the cooling water flow were made for the estimation of the DC electric field effect on the heat output of the device. The water flow temperature was measured by thermo sensors AD 590 with online data registration by the Data Translation DT9805 acquisition module and Quick DAQ program. To estimate the electric field influence on the combustion dynamics at thermochemical conversion of biomass mixtures, a nichrome electrode, 3 mm in diameter and 35 mm in length, was placed at the bottom of the flame reaction zone and was positive with respect to the grounded walls of the inlet nozzle and to the water-cooled walls of the combustor. Therefore, the axially inserted electrode acts as the anode, whereas the inlet nozzle of the combustor and the grounded water-cooled walls of the combustor act as the cathode by collecting the ion current. To prevent a discharge, the current between the axially inserted electrode and the grounded walls of the combustor was limited to 5-7 mA at a voltage supply of 0.6-2.4 kV. The electrode voltage and the current were monitored by high voltage equipment.
Results and discussion
The experimental investigations of the electric field influence on the swirling flame flow behaviour and on the main combustion characteristics were conducted at thermo-chemical conversion of a mixture of wheat straw (20 %) with wood (80 %) and a mixture of wheat straw (20 %) with peat pellets (80 %) by comparing the main combustion characteristics of the undisturbed flame flow (U = 0) and of the flame, which was exposed to the electric body force (F = n i E). As follows from Fig.  1 , a-e, the electric body force disturbs the free flame shape and length. For the positive bias voltage of the axially inserted electrode, the electric body force leads to a decrease of the free flame length by increasing the visible radius of the flame reaction zone (Fig. 1, b, d ). The reverse EF effect is observed for the negative bias voltage, when the flame is swirling around the electrode and stretches downstream the flame axis ( Fig. 1, e) . The results of previous research with the single electrode configuration [6] evidence of the fieldenhanced thermal decomposition of biomass (wood pellets) with the field-enhanced production of the axial flow of the main gasification products CO, H 2 , CH 4 ionic flame species [1] . The results of the present research confirm that increasing the positive bias voltage of the axially inserted electrode at the flame base results in the enhanced thermal decomposition of biomass mixtures accompanied by the field-enhanced formation of volatiles (H 2 , CO) during the primary pre-combustion stage ( Fig. 2-a) . The field-enhanced thermal decomposition of biomass mixtures is followed by the enhanced ignition and flaming combustion of the volatiles determining the formation of the main products H 2 O and CO 2 with the correlating increase of the ion current towards the negatively biased inlet nozzle and water-cooled channel walls ( Fig. 2-b, c) . The maximum value of the ion current correlates with the formation of maximum values of the volume fraction of CO 2 in the products and with the heat output from the flame reaction zone, and it rapidly decreases during the after-flame combustion stage ( Fig. 2-b, c, d ). Such correlation confirms that the dominant formation of flame ions occurs at the pre-combustion stage of biomass thermal decomposition and flaming combustion of volatiles, when the dominant electric field action on the combustion characteristics is observed, promoting the correlating increase of the flame temperature and combustion efficiency, whereas the mass fraction of the volatiles in the products decreases to the minimum value. As follows from Figures 2-b, c, d , similar field-induced variations of the combustion characteristics are observed for both mixtures of wheat straw with wood and with peat pellets. The voltage dependence of the peak and average values of ion current demonstrates that with the given electrode configuration the increase of the positive bias voltage of the axially inserted electrode leads to the transition from the ion current saturation to a regime of space-charge controlled sheath convection of ions [7] , with radial acceleration of ions toward the surface of the grounded inlet nozzle and with the correlating increase of the ion current ( Fig. 3-a) . The momentum transfer from ions to neutral flame species during their inelastic collisions promotes the radial mass transfer of neutrals completing the combustion of volatiles along the outside part of the flame reaction zone, which is highly responsible for the field-induced variations of the flame shape and length ( Fig. 1) as well for (Fig. 2-b, c) . However, by increasing the positive bias voltage of the axially inserted electrode and the ion current to the grounded channel walls, the radial acceleration of the charged flame species with the field-enhanced combustion of volatiles makes obvious its influence on the development of the flow dynamics. The results of the experimental study confirm the EF-induced variations of the flow dynamics. The applied EF promotes an increase of the axial flow velocity with correlating decrease of the average values of the tangential flow velocity and swirl intensity at the inlet of the combustor (Fig. 3-b) . In addition, the local decrease of the peak values of the tangential flow velocity and flow swirl number along the outside part of the reaction zone is observed (r/R > 0.66). As a result of the competitive processes of field-enhanced combustion of volatiles and field-induced decrease of swirl intensity at the inlet of the combustor, the CO 2 volume fraction (Fig. 3-c) in the products and the heat output from the reaction zone (Fig. 3-d) demonstrate the formation of maximum values at I ≈ 1 mA and start to decrease at I > 1 mA, when the decrease of swirl intensity results in limited mixing of the axial flow of volatiles with the air swirl, with a correlating increase of the mass fraction of unburned volatiles in the products observed at thermochemical conversion of the biomass mixtures. The results of previous research show [8] that the field-induced variations of the flame shape and length as well of the main characteristics of the flame reaction zone are affected by the polarity of the axially inserted electrode. With the negative bias voltage of the axially inserted electrode, the flame length increases, the flame is fastened on the electrode and stretches downstream the flame axis. This is confirmed by the results of the mathematical modelling of the field influence on the main flame characteristics for the negative bias voltage of the axially inserted electrode. 
Mathematical modelling
A numerical simulation of a 2D axially-symmetric, compressible, swirling flow (velocities u r , u z , u φ ), density ρ' was carried out at the development of the fuel burnout in a cylindrical pipe -combustor -with the radius r 0 = 0.05 m, length z = z 0 = 0.1 m. The primary axial air and the oxidant were supplied at r'∈[0, r' 1 ] with the bulk velocity U 0 = 0.01 m·s -1 , density ρ 0 = 1 kg·m -3 ; the inlet temperature was T 0 = 300 K and the mass-fraction of fuel C 0 = 1. The secondary swirling air was supplied at r'∈[r' 1 , r 0 ] with the bulk velocity V 0 > U 0 and the swirl number S = V 0 /U 0 =3). The development of a simple chemical reaction (mass-fraction of the reactant Cº, temperature Tº) is described by four Euler, two reaction-diffusion and azimuthally induced magnetic field (component B φ ) dimensionless equations in the cylindrical coordinates (r, z) and at a time t [9] . The applied electric field induces an electrical current I of uniform density j 0 between the positively biased walls of the combustor of length L + = {r' = r 0 , 0 < z < z 2 } and the negatively biased axially inserted electrode of length L -= {r' = r 0 /40, 0 < z < z 1 } determining the formation of the azimuthally induced magnetic field, which was scaled to B 0 = 0. The equations were scaled using r = r'/r 0 , x = z/r 0 , x 0 = z 0 /r 0 = 2, The exothermic chemical reaction is modelled using a single step reaction between the fuel and the oxidant (O 2 ) producing heat and products as follows: Here, the molecular diffusivity D = 5 . 10 -5 m 2 ·s -1 , the thermal conductivity λ = 5 . 10 -2 J·(s·m·K) -1 , the specific heat capacity c p = 10 3 J·(kg·K) -1 , the specific heat release B = 1.5 . 10 6 J·kg -1 , the reactionrate pre-exponential factor A' = 10 4 1·s -1 , the activation energy E = 2.5 . 10 4 J·mol -1 , R is the universal gas constant, P 1 = P 2 = 0.1, Le = 1. The decrease of the molecular diffusivity to D = 5
. 10 -6 m 2 ·s -1 and thermal conductivity to λ = 5
. 10 -3 J·(s·m·K) -1 results in the corresponding decrease of P 2 to P 2 = 0.01 and P 1 to P 1 = 0.01. For β = 0.5, B' = 1.5
. 10 5 J·kg -1 .
The hydrodynamic stream function was approximated in the following way: rρw = ∂Ψ/∂r, rρu= -∂Ψ/∂x.
At the inlet of the combustor x = 0, the following boundary conditions (BC) were applied: For the numerical calculation, the implicit finite difference scheme and the ADI method were applied providing the estimation of the effects of the variation of the molecular diffusivity, thermal conductivity and electric field on the main flame characteristics, i.e. on the minimum value of flow density, on maximum values of the flow velocity components, on the reaction rate R * = ACexp(-δ/T), on the pressure gradient and on the stream function. The influence of the molecular diffusivity and thermal conductivity on the main characteristics of the undisturbed flame flow for β = 5 and P e = 0 is summarized in Table 1 . These results show that with the constant molecular diffusivity D (Table 1 , no. 1, 2) a decrease in thermal conductivity λ (P 1 = 0.01, Le = 0.1) leads to an increase in maximum values of the flow velocity components (w), temperature, reaction rates, flow vortices with a decrease in the flow density, whereas with the constant thermal conductivity λ ( Table 1, no. 1, 3 ) the decrease in molecular diffusivity D (P 2 = 0.01, Le = 10) results in an increase in maximum density and in a decrease of the velocity, pressure gradient, temperature, reaction rate and flow vortices. A similar effect of the variation of molecular diffusivity and thermal conductivity on the main flame characteristics was found when the electric field was imposed on the flame reaction zone (β = 5; P e = 0.05). For the fixed length of the axially inserted electrode (x 1 ), the decrease in conductivity λ (P 1 = 0.01, Le = 0.1) resulted in the correlating increase of the maximum velocity, pressure gradient, flame temperature, reaction rate and flow vortices (maxΨ > 0.28125) along with the decrease in density, whereas the decrease of the molecular diffusivity D ( P 2 = 0.01, Le = 10) resulted in the increase of the maximum density and in the decrease of the velocity, pressure gradient, temperature, reaction rate and flow vortices ( Table 2) . With the fixed values of D and λ (P 1 = P 2 = 0.1, Le = 1), the electric field affects the flow dynamics, the local and average values of the flow velocity, the density and pressure in the flame reaction zone. The electric field influence on the main flame characteristics is summarized in Table 2 . The results of the numerical simulation suggest that the electric field influence on the main flame characteristics is determined by the length of the axially inserted electrode, i.e. the increase in length of the electrode, which results in the correlating increase of the maximum value of the flow velocity and pressure gradient (Table 2) . With the fixed length of the electrodes (x 1 = 0.25) and fixed values of P 1 and P 2 (P 1 = 0.01, P 2 = 0.1), the application of the electric field to the flame reaction zone leads to an increase in length of the flame reaction zone (Fig. 4 a, b) ; the electric field disturbs the stream lines, initiates the formation of small vortices, and the radial velocity changes the sign (Fig. 5 a, b) . The levels of the electric current decrease when increasing the distance from the top of the electrode (Fig.  6-a) , and the flame temperature (t = 0.2 s) rapidly increases to its maximum value (Fig. 6 b) . a b 
Conclusions
The experimental study, mathematical modelling and numerical simulation of the electric field influence on the combustion characteristics at thermo-chemical conversion of wheat straw mixtures with wood and peat pellets for the field configuration with the positively and negatively biased axially inserted electrode have led to the following conclusions. 1. With the positive bias voltage of the axially inserted electrode, the electric field body force leads to the enhanced thermal decomposition of the biomass mixtures, to the field-enhanced combustion of the volatiles, with the correlating increase of the ion current, combustion efficiency, CO 2 volume fraction in the products and of the heat output from the device up to their peak values during the flaming combustion of volatiles, with rapid decrease of the field effect on the combustion characteristics at the after-flame smouldering stage. 2. The voltage dependence of the main flame characteristics suggests that the electric field-enhanced thermo-chemical conversion dominates at U < 1 kV and starts to decrease at U > 1 kV, when the radial acceleration of the flame ions along with the field-induced radial mass transfer of the neutral flame species slows down the swirl intensity, which is highly responsible for the mixing of the flame components and for the formation of the flame reaction zone. 3. With the negatively biased axially inserted electrode, the electric field exhibits its influence on the flow dynamics, on the local, average and maximum values of the flow velocity, density and pressure in the flame reaction zone, advancing so the formation at the pipe inlet of small vortices with anti-clockwise rotation direction and increasing the flame length, and the radial velocity changes the sign. 4. The field influence on the flame characteristics depends on the length of the electrode, i.e.
increasing the length of the axially inserted electrode leads to the increase in maximum velocity and in pressure gradient.
